Topology optimization provides great convenience to designers during the designing stage in many industrial applications. With this method, designers can obtain a rough model of any part at the beginning of a designing stage by defining loading and boundary conditions. At the same time the optimization can be used for the modification of a product which is being used. Lengthy solution time is a disadvantage of this method. Therefore, the method cannot be widespread. In order to eliminate this disadvantage, an element removal algorithm has been developed for topology optimization. In this study, the element removal algorithm is applied on 3-dimensional parts, and the results are compared with the ones available in the related literature. In addition, the effects of the method on solution times are investigated.
Introduction
In a designing stage, one of the most difficult problems that designers have to overcome is the balancing of "trade-offs. " In the design of a structural component, there is a tradeoff between weight and strength. When the weight of the component is decreased, the strength of the component is also decreased. But the designer must find the minimum weight and sufficient strength combination for the design component. Because the weight is known to be one of the main factors of the final cost of load-carrying structures, the weight reduction is often set as the main objective of the designing task. Topology optimization is a useful tool for a designer which generates the optimal initial shape of a mechanical structure. The structural shape is generated within a predefined design space. In addition, the user defines structural supports and loads. Without any further decision and guidance of the user, the method will give the structural shape thus providing a first idea of an optimum geometry. A desired property of the structure is maximized by changing the shape of the given material. Usually this maximized property is stiffness. Another usage of topology optimization is minimizing the weight, subjected to a given constraint (such as stress) [1] .
Topology optimization is used for many different engineering applications such as thermodynamic problems [2] [3] [4] , fluid mechanics [5, 6] , electro mechanics [7, 8] , acoustic problems [9] , multiphysics problems [10] , and solid mechanics [11, 12] . By using topology optimization, designers can easily solve very difficult and complex problems; hence, usage of this method increases day by day.
The simple idea of the topology optimization is the removal of less efficient materials from a structure. To find accurate solution of topology optimization, the designer must increase the number of iteration and the numbers of elements. When the number of iteration and elements are increased, solution time also increases extremely. This is the main drawback of the method that must be overcome. For this reason, in the optimization processes, passive elements (which are found from FE analyses) were eliminated after every iteration loop in a previous study [1] . In the subsequent iteration loop, unnecessary elements were not used during solution. Hence, at each progressive solution loop, the number of elements decreased. The algorithm is developed for 2D parts with considerable time saving compared with other methods. In this study, previously developed element removal algorithm for 2D models [1] is improved for 3D models.
Element Removal Method
The main idea of the topology optimization is THE removal of ineffective (comparatively small stressed) elements from the design domain. Element removal method (ERM) is developed to systematically remove low-density elements from the design domain [13] . Bruns and Tortorelli [13] developed an element removal and reintroduction strategy for topology optimization method. Material density method is used to decide which element IS to be removed or reintroduced. For the smoothness of the design domain, weight function is calculated. In this function, all elements are used to calculate weight of each element. This causes high CPU usage, especially with high element numbers.
To overcome this drawback, in the optimization processes, passive elements (which were found from FE analyses) were eliminated after every iteration loop in a previous study [1] .
In the next iteration loop, unnecessary elements are not used during solution. Hence, at each progressive solution loop, the number of elements is decreased. The algorithm is developed for 2D parts with considerable time saving. In this algorithm, ineffective elements are selected according to their stress values which are calculated from FEA. FEA is applied on the design domain in a loop and after every analysis; elements with lowest stress values are deleted. In the proposed algorithm, reintroduction of the removed element does not exist. After the removal operation elements are renamed to put the remaining elements in an order. Then these elements form the new design domain for the next step of the loop, and a new optimization step starts. The optimization cycle stoppes when volume-reduction ratio or yield stress is reached to predefined values. The optimization process will be faster at every subsequent cycle as the ineffective elements are not used in the following FEA solutions. Therefore, total solution time decreases rapidly. By using this method, 90% time reduction is obtained for statically loaded 2D planer machine parts [1] . In Figure 1 , a schematic view of optimization process with ERM can be seen. According to this procedure, the design domain must be drawn with load and boundary conditions. Then, the constraints (allowable stress and volume reduction ratio) are defined. After the definition of constraints, the optimization process can be started. In the optimization process, firstly FEA is performed and the low stressed elements are selected. Then, the modification algorithm is applied to obtain fine material distribution. After that, the selected elements are deleted from the design domain and they are not used in the subsequent iteration loops. Finally, constraints are checked; if one of the constraints is reached, optimization loop is ended, if not, the loop continues. This algorithm is written as a macro in ANSYS FEA program.
During the application of the ERM, a modification algorithm is used to prevent porous structure during element removal. In the modification algorithm, by checking the neighbors of the selected element to be deleted (in Figure 2 ), the algorithm decides whether or not to delete the selected element.
Developed algorithm can be applied on a simple prism. In Figure 3 , a 3D design domain with loading and supporting conditions is given. Unit load is applied at midpoint of upper surface of the design domain, and fixed support is applied at lower corners. In Figure 4 , some of the ineffective elements are removed from the design domain after some iteration loops. The final optimized domain can be seen in Figure 5 . Figure 5 is the final optimization result with minimum material usage, and at the same time, stress values are in the acceptable limits. In the present study, an algorithm based on the element removal is developed to optimize parts for minimum material usage. The key point of the algorithm is the removal of less effective elements from the design domain. Initial models such as those given in Figures 3-5 are encouraging for effectiveness of the algorithm.
Results and Discussions
The validation of the proposed algorithm is discussed in this section. The results of the present study are compared with those obtained from the related literature. There are two steps as follows.
(1) Comparing results of the ERM with those of the literature.
(2) Comparing solution times of the ERM with those of Ansys. [14] (b) Optimized model [14] (c) Optimized model with ERM [17] Figure 6: Center-loaded cantilever beam model. elements are used for mesh and structural steel is used as material. Load is considered to be unit load.
Comparison with the
In the first example, a cantilever beam (in Figure 6 (a) [14] ) whose one end is fixed and the other end is center loaded is optimized. Volume reduction is used as 50% for constraint. The literature result is shown in Figure 6 (b) [14] , and ERM result can be seen in Figure 6 (c).
In the second example, a cantilever beam (in Figure 7 (a) [14] ) whose one end is fixed and the other end lower edge is loaded is optimized. Volume reduction is used as 70%. The literature result can be seen in Figure 7 (b) [14] , and element removal result can be seen in Figure 7 (c).
In the third example, an L-shaped beam (in Figure 8 (a) [14] ) which is loaded as shown in Figure 8 (a) is optimized. Volume reduction ratio is used as 50% for constraint. The literature result can be seen in Figure 8 (b) [14] , and element removal result can be seen in Figure 8 (c).
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Advances in Mechanical Engineering q (a) Design domain [14] (b) Optimized model [14] (c) Optimized model with ERM [17] The results can be compared only visually because there are no numerical results in the literature. When the results are compared visually, outcomes of the present study are nearly the same that of as given in reference. These results imply that the developed algorithm is working well.
After the validation of the algorithm, its advantages can be investigated. For this investigation, solution times are compared in the next part.
Comparison of Solution Times.
Main disadvantage of the topology optimization is that a lengthy solution time is required. For a machine part (such as connecting rod and suspension arm), designers must use high element numbers to obtain better results. Increased element numbers yield asymptotically increased solution time. One of the advantages of the proposed ERM is shorter solution time.
(a) Design domain [14] (b) Optimized model [14] (c) Optimized model with ERM [17] this comparison, two design domains (Figures 9 and 14) are meshed using different element numbers.
A computer with 2.13 GHz dual core CPU, 2 GB ram, and 160 GB hard disk is used for solutions. Volume reduction is taken as 80% for both ERM and ANSYS. Iteration number is taken as 37 for ANSYS. Case 1. Solid elements are used to mesh the design domain, structural steel is used as material (modulus of elasticity ( ) = 200 GPa, Allowable stress ( ) = 150 MPa), and 21 kN load is applied as shown in Figure 9 . The results can be seen in Figure 10 for this case. As well as comparing the solution times, outcomes of the optimizations are also compared; for this aim maximum stress and deformation values are shown in Figures 11 and 12 . Comparison of the solution times can be seen in Figure 13 . All results are tabulated in Table 1 for the ease of comparison. Figure 14 . The result of the optimization is shown in Figure 15 . Maximum stress and deformation values are shown in Figures  16 and 17 for different element numbers. Comparison of the solution times can be seen in Figure 18 . All the results are tabulated in Table 2 .
Investigating Figures 11 and 16 for stress results, some variation in stress value is observed for different element numbers, which is mainly due to local stress concentrations. According to the outcomes, ERM yields lower stressed optimization result even at low element numbers. This outcome implies that stress concentrations are prevented during element removal operations by ERM. Comparing the solution times from Figures 13 and 18 and also in Tables 1 and 2, the advantage of the proposed ERM method is clearly observed for high element numbers especially above 25000 elements. Use of the ERM will yield up to 75% less solution time for topology optimization of a part.
Applications.
The proposed ERM algorithm is applied on two applications. One of them is connecting rod and the other one is suspension arm. The results of the ERM and stress comparisons are given in this part. In both applications, the aim is decreasing the stress values of both parts with the same material usage. Hence, rough design domains are produced using ERM, and final volume is always the same as that of the original part.
Connecting Rod. Connecting rod (Figure 19 [15] ) is optimized by using ERM. For this purpose, a design domain is produced with a rough model of rod (Figure 20) . Point A is fixed and two load cases (tension and compression loads) are applied at point B. AISI 1045 is used as material ( = 200 GPa, = 200 MPa). FE model is produced by using tetrahedral solid elements under the given load cases. ERM is applied on this FE model. Outcome of the optimization process can be seen in Figure 21 . After the optimization, the optimized domain is remodeled ( Figure 22 ) and analyzed. ERM algorithm, which is given in Section 2, is used for optimization process. Volume is used as constraint and it is taken as original model's volume, representing equal material usage. After the optimization process, the shape in Figure 21 is obtained.
For analysis, solid model of the above result is produced as shown in Figure 22 . After producing the solid model, analysis is performed on the original model and the optimized model. Von-Mises stress distributions of the original and optimized models are given in Figures 23 and 24 , respectively. The maximum von-Mises stress result, for the original model in Table 3 , is about 63 MPa. For the optimized model, the maximum value is about 50 Mpa. Stress reduction by the use of ERM is about 21%.
Suspension Arm. In the second case, a suspension arm ( Figure 25 [16] ) is optimized by using ERM. The original arm is modeled before optimization (Figure 26 ), then the design domain is modeled ( Figure 27 ) slightly larger than the Then the optimized domain is remodeled (Figures 30 and 31) and analyzed.
For the optimization processes, ERM algorithm, which is given in Section 2, is used. Volume constraint is defined to obtain the same volume as that of the original model. After the optimization process, the shape in Figure 28 is obtained.
Three sections are given in Figure 29 to investigate the interior part of the model. According to the result of optimization, the new model is drawn as shown in Figure 30 . Sectional view of this new model can be seen in Figure 31 . Analysis is performed on the original model and the optimized models for comparison of their performances. Their von-Mises stress results are given in Figures 32 and 33 , respectively.
In Table 4 , von-Mises stress results for the original and the optimized models are given; about 38% stress reduction is obtained by the use of the proposed ERM. 
Conclusions
In this study, a new algorithm is developed for topology optimization of 3D machine parts. Validity of the algorithm is proved by means of simple beam parts and two parts from industrial application. The results of the comparisons imply that the element removal algorithm can be safely used for 3D machine parts. Also solution times are compared with ANSYS, and up to 75% time reduction is obtained by using the element removal algorithm. When the stress and deformation results are compared, up to 50% reduction can be obtained depending on the boundary conditions in the ERM results.
